The arsenate-intercalated layered double hydroxide (LDH) of Mg and Al is synthesized by coprecipitation. The higher thermodynamic stability and the consequent lower solubility of the unitary arsenates preclude the formation of arsenate-intercalated LDHs of other metals directly from solution. However other M/AlAsO 4 (M = Co, Ni, Zn) LDHs could be prepared by anion exchange, showing that arsenate intercalation proceeds topotactically. The intercalation of various species of As(V) into the interlayer of LDHs and the subsequent arsenate carrying capacity are dependent upon the pH of the solution. Upon thermal decomposition, the intercalated arsenate ion undergoes reductive deintercalation to give a mixture of As(III) and As(V) oxides. The product oxides revert back to the LDH upon soaking in water on account of the compositional and morphological metastability of the former. This is in contrast with the phosphateintercalated LDHs, in which the reversibility is suppressed, consequent to the formation of stable metal phosphates.
Introduction
Arsenic is one of the insidious elements present in natural and waste waters, and its toxicity and impact on human health is well known [1] . Arsenic exists in two stable oxidation states, namely As(III) and As(V). The dominant species varies with the pH of the solution. Under oxidative conditions, As(V) exists in four forms in aqueous solution, namely H 3 AsO 4 , H 2 AsO There is considerable interest in developing new materials to mineralize arsenates effectively.
Layered double hydroxides (LDHs) are widely used for catalysis and sorption and are sinks for the mineralization of insidious anions such as chromates [2, 3] , selenates [4] , fluorides [5] , radioactive anions [6] , and various organic pollutants [7] . LDHs exhibit anion exchange properties, which make them candidate materials for the immobilization of arsenate in the interlayer region of the LDHs.
The structure of the LDHs is derived from that of the mineral brucite [8] . Brucite comprises a close packing of hydroxyl ions in which Mg 2+ ions occupy alternative layers of octahedral sites, leading to a stacking of charge-neutral metal hydroxide layers of composition [Mg(OH) 2 ]. When a fraction x of Mg 2+ ions is replaced by a trivalent ion such as Al 3+ or Fe 3+ , the positive charge, x+, generated on the metal hydroxide layer is compensated for by the inclusion of hydrated anions, A n− , in the interlayer region to * Corresponding author. Fax: +91 80 22961354.
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give LDHs of composition [M However, the utilization of LDHs in anion amelioration is plagued by several limitations.
1. The LDHs have a solution chemistry in that their solubilities are higher than those of the silica-based cationic clays. There is evidence to show that anion exchange takes place by dissolution and reprecipitation [9] . Anion exchange does not take place unless the LDH of the incoming anion is less soluble than that of the outgoing anion. 2. The reactivity of the LDH is governed in part by the nature of the intercalated anion. Anions contribute to the thermodynamic stability of the LDH by affecting both enthalpy and entropy [10] . For a given pair of metal ions, the affinity of the LDH for different anions varies in the order CO ions by a mineral acid (HCl or HNO 3 ) at pH 4.5 [14] and (b) calcination of the pristine LDH to yield a defect oxide phase and subsequent reconstruction of the LDH by soaking the oxide residue in As(V) solution [15] . The uptake by the former method is essentially through anion exchange at a pH close to the dissolution pH of the LDH, while the latter is based on the memory-effect of LDHs.
However, there are few reports on the characterization of arsenate-containing LDHs, which are the final products of As scavenging. Arsenic forms several stable binary arsenates with metal ions. Formation of such binary phases either during synthesis of the LDH or during postsynthesis work-up leads to arsenic speciation that significantly affects its mobility and hence its toxicity. Therefore synthesis and characterization of the arsenate-LDHs is important to (a) quantify the limitations arising from the solution chemistry of LDHs and (b) assess the parameters and conditions that stabilize the arsenate ion in the interlayer.
In this paper, we report structural and compositional features of LDHs intercalated with arsenate ions. Arsenate-intercalated LDHs are synthesized by coprecipitation and by anion exchange reactions. Arsenate exchange at different pH values is also reported. As the aqueous chemistry of arsenates is similar to that of phosphates, pertinent comparisons of the two LDHs are made.
Materials and methods

Synthesis of LDHs
All reagents were of analytical grade (Merck, India) and were A quantity of 2 mol/L NaOH was dispensed using a Metrohm Model 718 STAT Titrino to maintain a constant pH at precipitation (see Table 1 ). The pH value was chosen based on the formation pH of each individual LDH. N 2 gas was bubbled through the Hydrothermal treatment of the dried powder sample was carried out in deionized, decarbonated water in a Teflon-lined autoclave (150 ml, 50% filling) under autogenous pressure at 140 • C for 18 h. Thermal decomposition was carried out in a silica crucible by heating approximately 350 mg of the sample in a muffle furnace at 800 • C for 18 h. The oxide residues were then furnace-cooled and analyzed by PXRD and IR spectroscopy.
In the case of the Mg/Al-AsO 4 LDH, preweighed quantities of the oxide residue were soaked in water for 24 h to study the reversible thermal behavior. The solid was then recovered by filtration through a sintered glass crucible and weighed again to monitor the mass gain.
Characterization
All samples were characterized by powder X-ray diffraction using a Bruker D8 Advance diffractometer (CuK α source, λ = 1.541 Å). Data were collected at a continuous scan rate of 1 • 2θ per minute or less and were then rebinned into 2θ steps of 0.02 • . IR spectra were recorded using a Nicolet Model Impact 400D FTIR spectrometer (4000-400 cm −1 , resolution 4 cm −1 , KBr pellet). Thermal analysis (TG/DTG) studies were carried out using a Mettler-Toledo 851 e TG/SDTA system driven by Star e 7.1 software (heating rate 5 • C min −1 , N 2 gas). The samples were first heated to 100 • C in the TG balance for 0.5 h to drive away the adsorbed water and then ramped up to 800 • C. The arsenate present in the LDH was estimated by dissolving a preweighed (0.2-g) quantity of the sample in acid (1 ml of concentrated HNO 3 ) and the arsenate concentration in the solution was determined by the silver arsenate method [16] .
Arsenate exchange
Preweighed (0.20-g) batches of the Mg/Al-(NO 3 ) 0.33 LDHs were suspended in 30 ml of Na 2 HAsO 4 ·7H 2 O solution containing 10 times the stoichiometric requirement of arsenate ions required to affect a complete exchange of the anions in the pristine LDH. After equilibration, the solid was separated by centrifugation and washed with deionized, decarbonated water. The arsenate concentration in the centrifugate was determined by the silver arsenate method as described elsewhere [16] . The arsenate uptake by the LDHs was calculated from the difference in the initial and final arsenate concentrations and is reported in mmol of arsenate exchanged per gram of LDH taken. The arsenate uptake observed in these experiments is referred to as the arsenate carrying capacity and is compared with the theoretical exchange capacity computed from the molecular formula.
The exchange reactions were also carried out at different pH values. The desired pH was achieved by the addition of 0.1 mol/L HNO 3 to the LDH slurry. In any case, the volume of acid added did not exceed 2% of the total volume.
Results and discussion
Formation of As(V) LDHs
Under oxidizing equilibrium conditions, arsenate and phosphate are present as species of similar charge and structure. The solubility of arsenate (phosphate) salts depends upon the type of cation. While alkali metal arsenates (phosphates) are highly soluble, alkaline earth and transition metal arsenates (phosphates) are insoluble [17] . Table 1 lists the products of coprecipitation reactions in the presence of arsenate (phosphate) anions. Except for the Mg/Al-AsO 4 system, the products of the reactions in all other cases were the binary metal arsenates (phosphates). This observation reiterates that the formation of LDHs from solution is governed by thermodynamic factors, which are driven by the solubility of the binary salts relative to the product LDH [18] . Therefore if the divalent metal arsenates (phosphates) are more insoluble than the product LDH, precipitation of the former takes place in preference to the latter.
The PXRD pattern of the Mg/Al-AsO 4 LDH obtained by coprecipitation at pH 10 ( Fig. 1a) shows a low-angle reflection appearing at 2θ = 10.9 • (8. In contrast, the PXRD pattern of Mg/Al-AsO 4 LDH is characterized by only four broad and asymmetric peaks indicative of structural disorder [19] . Different kinds of disorder account for the asymmetric broadening of the reflections: (i) interstratification broadens the 00l reflections while (ii) stacking disorders and turbostraticity account for the extinction of the 0kl and hkl reflections, respectively. The loss of 3-D periodicity leads to 2-D Bragg reflections that exhibit Warren broadening [20] . No ordering is observed on hydrothermal treatment (Fig. 1b) .
Within the interlayer of the LDHs, the anions and water molecules possess high translational and orientational degrees of freedom. From a crystal chemical viewpoint, differences in the coordination symmetry of the anions and the local symmetry of the interlayer site lead to stacking disorders. As a result, the stacking of the rigid metal hydroxide layers is affected significantly by the nonrigid interlayer. Therefore, knowledge of the coordination symmetry of the intercalated anion is crucial for understanding the bonding within the interlayer. This is obtained from IR spectroscopy.
Infrared spectra
The speciation of As(V) is known to vary with pH, with the neutral H 3 AsO 4 dominant at acidic pH (pH 1 to 4.5), H 2 AsO observed at 878 and 463 cm −1 , respectively [21] . Of these, the latter overlaps with the lattice vibrations of the LDH and cannot be distinguished. When the orthoarsenate ion is protonated, the following changes are expected in the infrared spectrum. ion is intercalated with one of the S-O bonds parallel to the c crystallographic axis. The basal oxygen atoms and the oxygen of the intercalated water share a single set of sites, while the apical oxygen atom occupies a crystallographically distinct site in the interlayer [22] . This enables the basal O atoms of the SO 2− 4 ion to participate extensively in H-bonding with the metal hydroxide layers, while the apical oxygen does not participate in any hydrogen bonding [23] . Therefore with lowering of symmetry from T d to C 3v (or C 2v ), the splitting of the degenerate vibration modes is observed [24] .
The IR spectrum of Mg/Al-AsO 4 LDH (Fig. 2 ) exhibits a single band at 836 cm −1 . This corresponds to the triply degenerate asymmetric stretch (ν 3 ), which in the free orthoarsenate ion appears at 878 cm −1 . This suggests that the intercalated species is the tetrahedral orthoarsenate anion AsO 3− 4 . The fact that the symmetry of the orthoarsenate ion is not lowered shows that either (i) the interaction with the metal hydroxide layer is weak or (ii) poor structural order causes the interaction to average out, leaving the coordination symmetry unchanged.
Wet chemical analysis yields an arsenate content of 0.09 mol per formula unit as opposed to the expected 0.11 mol per formula unit. 
Thermal behavior of As(V) LDHs
The TG/DTG profile of the Mg/Al-AsO 4 LDH (Fig. 3) can be explained by the following steps:
Step 1: Mg 6 Al 3 (OH) 18 The mass loss below 100 • C can be attributed to the loss of adsorbed water. The mass loss between 100 and 800 • C amounts to 38.7% (against the theoretically expected value of 33.7%). Loss of mass as volatile gas renders the end product of the decomposition reaction microporous, with the incomplete tail of the TGA profile signifying the loss of the volatile gas through such micropores [25] .
The absence of basal reflections in the PXRD pattern of the product (Fig. 4a) of decomposition of Mg/Al-AsO 4 LDH (600 • C) indicates the collapse of the layered structure. The broad feature in the mid-2θ region (30 • -45 • 2θ ) signifies the formation of poorly crystalline periclase. The PXRD pattern of the product obtained by soaking the above oxide residue in water (Fig. 4b) shows that the layered phase is reconstructed as signified by the reappearance of the basal reflection at 11.8 • 2θ (7.5 Å). The oxide residue regains 16% of its original mass to yield an LDH. This is in direct contrast with the thermal behavior of phosphate-intercalated LDHs, where the reversible behavior is suppressed [26] .
The reversibility of AsO is nonvolatile. To identify the products of thermal decomposition of the Mg/Al-AsO 4 LDH, the oxide residue shown in Fig. 4a was sintered at 800 • C (Fig. 5) . The oxide residue comprises a poorly crystalline periclase (MgO) phase and As 6 O 11 ·H 2 O. The latter is a mixture of As(V) and As(III) oxides (2As 2 O 3 ·As 2 O 5 ·H 2 O, JCPDS PDF No. 22-1050). The reversible thermal behavior of LDHs is driven by the compositional and morphological metastability of this mixed oxide phase [26] . It is well documented that the reconstruction of the layered phase and the formation of thermodynamically stable spinel are competing reactions. The reversibility is suppressed in the case of phosphate-intercalated LDH by the formation of magnesium phosphate, in which the Mg 2+ ions share identical octahedral coordination, as in the thermodynamically stable spinel phase. The situation is radically different in the arsenateintercalated LDHs, where the intercalated arsenate ion partially undergoes reductive deintercalation to form a mixture of As(III) and As(V) oxides, along with the defect rock salt phase. Upon soaking in water, the As(V) species is preferentially intercalated into the interlayer, while the more soluble As(III) oxide is washed off during postsynthesis modifications. This also explains the partial reversibility. It is to be noted that upon heating, there is a change in speciation of arsenic as the AsO 3− 4 ion undergoes reduction at high temperatures to yield As(III) species. This is significant in the context of As remediation because the As(III) species is orders of magnitude more soluble than As(V) and hence more toxic. Therefore thermal treatments of arsenate-intercalated LDHs to immobilize arsenate are inherently ineffective. This is in direct contrast to amelioration of other anions by LDHs, such as chromate, where upon thermal treatment the deleterious Cr(VI) is immobilized efficiently as Cr(III) oxide, embedded in the matrix of the thermodynamically stable spinel [27] .
Arsenate exchange characteristics
Mechanism of exchange
With the coprecipitation of metal salts with arsenate or phosphate yielding the more insoluble and thermodynamically stable unitary phases, anion exchange reactions offer a simple softchemistry route to synthesize metastable arsenate-or phosphateintercalated LDHs. The mechanism of anion-exchange reactions varies with the choice of the pristine LDH, the nature of the intercalated anion, and the solubility of the product LDH. Accordingly, the LDH of Ca with Al due to its higher solubility predominantly undergoes anion exchange through a dissolution-reprecipitation mechanism, while the anion exchange reactions of Ni-Al LDH progress topotactically.
To illustrate the plausible mechanism of anion exchange and reflect upon the relative stability of the intermediate phases, if any, two related phases, Mg(OH) 2 and Al(OH) 3 , were aged in arsenate solution at the natural pH of the latter (pH 8.5) as controls. Both these compounds compose charge-neutral layers and do not posses any interlayer chemistry. The results are shown in Fig. 6 . While Al(OH) 3 remains unchanged, Mg(OH) 2 transforms to MgHAsO 4 . This suggests that there is a dissolution of Mg(OH) 2 followed by the precipitation of a binary arsenate. Therefore if the anion-exchange reactions involving arsenate ions proceed through the dissolution-reprecipitation mechanism, magnesium arsenate is expected to form at the expense of arsenate-intercalated LDH.
The PXRD patterns of Mg/Al-(NO 3 ) 0.33 LDH and the product obtained after arsenate exchange are shown in Fig. 7 . The PXRD pattern of the product shows all features attributable to a layered phase. There is a decrease in the basal distance from 8.89 Å (9.9 • 2θ ) to 8.43 Å (10.5 • 2θ ) after exchange, indicating the incorporation of arsenate species into the interlayer of the LDH. The IR spectra of the product (data not shown) show that the ν 3 mode of NO − 3 at 1383 cm −1 is completely extinguished and new absorptions arise around 840 cm −1 . The latter can be attributed to the intercalated arsenate species. The PXRD pattern is devoid of any secondary phases. The relative ease of exchange of NO − 3 for arsenate and the formation of arsenate-intercalated LDHs indicate that the exchange reactions take place topotactically. In comparison with the LDH obtained by coprecipitation, the arsenate LDH obtained by anion exchange is better ordered and retains all the features of the precursor NO − 3 -LDH, as would be expected of a reaction following the topotactic mechanism [24] . Table 2 lists the results of arsenate-exchange reactions of various LDHs.
Effect of pH
As the anion-exchange reactions are driven by the relative solubilities of the pristine as well as the product LDHs, pH plays a significant role in the energetic and mechanistic aspects of these reactions. Fig. 8 of 8.7 Å observed at these pH values can be thought of an intermediate value, obtained by possible interstratification of the two arsenic species in the interlayer. The broader 006 reflection in the PXRD pattern corroborates this observation (see Fig. 7b ).
At pH values greater than 8, the HAsO 2− 4 ion predominates. Subsequently, there is an increase in the basal distance to 9.2 Å due to the incorporation of the larger HAsO 
Effect of equilibration time
It is well established that the anion-exchange reactions are extremely fast, and the exchange kinetics are studied by T-jump techniques [28] . Nonetheless, the effect of aging time on the structure of the arsenate-intercalated LDHs is necessary to gain an insight into the stability of the immobilized arsenate. Table 3 lists the results of varying the equilibration time. In keeping with our earlier observations [3] , equilibration time does not have a significant effect on the arsenate carrying capacity. The basal distance also does not vary appreciably. This observation is in direct contrast with the phosphate-containing LDHs, which show substantial variation in the basal distance with equilibration time, as noted elsewhere [29] . These results point out that the interlayer regions of arsenic-containing LDHs are less flexible than with sulfate-or 
